B
igeye tuna has been the target species of large-scale longline (LL) fisheries in the Pacific Ocean since the 1960s and of small-scale LL fisheries in Pacific Island developing countries since the 1990s. LL-caught bigeye tuna (BET) is usually destined for the valuable fresh-or frozen-fish market and commands prices of approximately $10.20/kg. The purse seine (PS) fishery expanded into the Western Central Pacific Ocean (WCPO) in the 1980s, targeting surface schools of skipjack tuna (SKJ) for canning. In the 1990s, the PS fishery adopted fish aggregation devices (FADs), creating the largest tuna fishery in the world. This expansion also created a very large incidental catch of juvenile bigeye tuna. PS-caught BET is sold for canning at the sample price as SKJ, approximately $1.70/kg. In 2011, the PS catch of SKJ was 1,330,000 metric tons (mt), and the incidental PS catch of juvenile BET was 77,100 mt. In comparison, the 2011 LL catch of adult BET was 67,700 mt (1, 2) . The PS fishery thus lands 53% of the total BET catch, mostly as juveniles.
The 2011 assessment for BET (3) estimates the current biomass to be slightly above the biomass capable of producing maximum sustainable yield (MSY), but the estimated fishing mortality rates are greater than the fishing mortality at MSY. Current exploitation rates will inevitably reduce the BET stock to less than that capable of producing MSY. The fate of the bigeye stock is inextricably mixed with the PS fishery targeting skipjack, but skipjack stocks are considered to be moderately exploited (4) safely above the level of producing MSY. It is likely that high juvenile mortality of bigeye stocks will continue as long as the skipjack fishery operates in its current mode.
The Western and Central Pacific Fisheries Commission (WCPFC) implemented conservation and management measures with the objective of reducing fishing mortality on juvenile bigeye tuna in the PS fishery (5). These measures include closure of two high-seas enclaves in the WCPFC Convention Area to PS tuna fishing (area I in Fig. 1 ). Additional proposed closures (6, 7) would extend spatial closures to all high-seas waters of the convention areas west of 150°W and between 10°N and 20°S (area II in Fig. 1 ). The combined closed areas are equivalent to closing 6% of total convention area or 12% of its tropical waters (20°N-20°S). Catches from these areas compose a substantial proportion of the total catch in the WCPFC convention areas (SI Text). These closures have received some acclaim in the popular press (8), but they have never been scientifically evaluated.
We apply the spatial ecosystem and population dynamics model (SEAPODYM) of tuna population dynamics and fisheries (9) (10) (11) (12) to investigate the potential utility of area-based measures for conserving BET. This model was selected because it includes a spatially explicit description of population dynamics and movement over all life stages from larvae to adult and a statistically rigorous approach for its parameterization. Its main features are (i) forcing by environmental data (temperature, currents, primary production, euphotic depth, and dissolved oxygen concentration); (ii) prediction of both temporal and spatial distribution in three vertical layers of functional groups at the midtrophic level, i.e., tuna forage; (iii) prediction of both temporal and spatial distribution of stage-structured predator (tuna) populations; (iv) prediction of total catch and size frequency of catch by fleet when fishing data (catch and effort) are available; and (v) parameter optimization based on maximum likelihood, using commercial fishing data.
We analyze area closures by simulating BET and SKJ populations and changes in the WCPO tuna fisheries that depend on these two stocks from 1980 to 2003 under different fishery management scenarios. The 1980-2003 simulation period was selected because expansion of the PS fishery began around 1980, and, at the time of the study, the availability of oceanographic forcing available to SEAPODYM ended in 2003. Applications of SEAPODYM to tropical tuna populations are described in refs. 9-12. For the simulations reported here, the optimization has been updated with the new environmental forcing and revised fishing data. Details of the model configuration for these simulations are presented in SI Text. We examine the efficacy of closed areas as a means to reduce incidental mortality of bigeye tuna in the PS fishery for skipjack in the WCPO. In addition, we explore possible complementary strategies for area closures that might be more effective in conserving bigeye tuna stocks.
Fishery Management Scenarios and Evaluation Metrics
Ten alternative conservation and management scenarios are presented in Table 1 . Closure of area II to LL fishing was included in the scenarios because it is an area of substantial LL catches of bigeye and includes part of the known bigeye spawning area (13, 14) . Purse seine fishing effort associated with fish aggregation devices (PS-FAD) in area II is relatively limited ( . The scenario i = 0 is the base case using observed fishing effort, gear configurations, and spatial distribution.
i) The increase in biomass of the population above the base case under scenario i at time t is given by ΔB ti = B ti − B t0 for i ≠ 0. ii) The average percentage increase in the population relative to the base case over the simulation period is 100
iii) Fishery impact is the percentage of the adult biomass in the absence of fishing that is removed by fishing under some fishery management scenario (3, 15) , 100
, where B yi is the average adult biomass in the final year, y, of the simulation under scenario i, and B yF=0 is the average adult biomass in year y when fishing mortality is set to zero (scenario 9, F = 0; Table 1 ). Fishery impact is a convenient measure of stock depletion. It is a nonparametric reference point that is easy to compute, makes fewer assumptions than reference points based on MSY, and compensates for environmental change and recruitment variability. iv) Restrictions on fisheries imply costs to the fishery due to possible loss of catch. The increase in bigeye biomass relative to the loss of skipjack and bigeye catch in the PS fishery and to the loss of bigeye catch in the LL fishery under each scenario is a convenient measure of "conservation efficiency." Let, C tiPS , C tiPB , and C tiLB represent catches of skipjack (S) and bigeye (B) by PS (P) and LL (L).
Then the ratios β iP = 
Results
The model predicts a long slow rebuilding of bigeye biomass in the absence of fishing from 1980 through 1995 ( Fig. 2 , F = 0). Rebuilding, driven by higher recruitment and supported by favorable environmental conditions, begins immediately after the cessation of fishing on a partially depleted bigeye stock and continues for ∼15 y. The biomass increases until environmental factors become limiting in the mid-1990s and subsequently decreases. Similar but less pronounced increasing and decreasing trends are visible under all fishing scenarios with smaller increases in the mid-1990s and more rapid subsequent decreases. Fishing dampens the environmentally driven increase and accelerates the subsequent decrease. The absolute differences in biomass between fishery scenarios appear small, but changes in biomass relative to the biomass under the observed fishing pattern (i.e., relative to scenario 0) are more apparent (Fig. 3) . Scenario C, closure of the area to PS fishing with redistribution of displaced effort, has negligible effect on adult bigeye biomass. Reducing total effort over the model domain by the amount of effort lost in the closed areas, scenario E, appears to be slightly more effective and almost as effective as area closure combined with complete removal of Fig. 1 to purse-seine fishing; redistribute the displaced PS effort in proportion to the distribution of catch per unit of effort (CPUE) outside of the closed areas. E No closed areas; purse-seine fishing effort reduced by the amount that would have been lost in the closed area. CE Close all areas in Fig. 1 to purse-seine fishing; eliminate displaced fishing effort. CL Scenario C plus close area II to LL fishing; effort redistributed. EL Scenario E plus close area II to LL fishing; effort redistributed. CEL Scenario CE plus close area II to LL fishing; effort redistributed.
F2S
No closed areas; prohibit use of FADs in the convention area and shift FAD PS effort to "free" schools.
F2SL
Scenario F2S plus close area II to LL fishing; redistribute the displaced LL effort in proportion to the distribution of CPUE outside of the closed areas.
Fishing mortality set to zero; no fishing in the model domain.
displaced effort, scenario CE. FAD prohibition with effort redistributed to free school sets (F2S) has equivalent benefit to scenario CEL (removal of PS effort and closure of area II to LL fishing). Addition of FAD prohibition to the closure of area II to LL (F2SL) would double the percentage of change in adult bigeye biomass in the WCPFC convention area to exceed 25% in the final year of the simulation. The average increase in adult biomass over the entire simulation period ranges from 0.1% to nearly 10% ( Table 2 ). The most effective scenario is F2SL, followed by CEL and EL (reduction of total effort and closure of area II to LL fishing). The three scenarios, combining restrictions on both PS and LL fishing, are more effective than scenarios that involve only PS.
The relative change in adult bigeye biomass between scenarios varies spatially. Fig. 4 shows the spatial change in distribution of adult bigeye biomass at the end of the simulation period in 2003 for four scenarios. The first two have area closures either for PS only or for PS and LL. In both cases, the effect is largest in the closed areas and immediately adjacent waters (CE and CEL), but a substantial 10-25% "spillover" effect is visible over the entire range of the species. The LL area closure has a large effect that, combined with the PS area closure, locally increases the adult biomass to more than 25% in the Exclusive Economic Zones (EEZs) adjacent to area II.
The "FAD to free school" scenario (F2S) in Fig. 4 has no spatial closure, but prohibits FADs use and allows a shift to PS fishing on free schools equivalent to the lost effort on FAD sets. The result is a substantial increase of adult biomass mainly in the western Pacific and Indonesian waters where there is a tradition of intense FAD use. Finally, adding LL closure in area II, F2SL, produces the maximum benefit in the WCPO, with adult biomass increases of more than 40% in the core region. The spillover effect is substantial in temperate regions of the North Pacific and in the Eastern Pacific Ocean (EPO).
The fishery impact under observed fishing conditions between 1980 and 2003 is 60%; that is, the adult biomass was reduced to 40% of what it would have been in the absence of fishing (Table  2 ). In contrast, the impact under scenario F2SL is 50%. Reducing the extent of spawning stock depletion from 60% to 50% under the F2SL scenario would be a substantial conservation benefit and is consistent with a stock producing maximum sustainable yield.
The F2SL scenario has the highest conservation efficiency, yielding a 6.5-mt increase in adult BET biomass per metric ton of lost PS catch and a 75-mt increase in biomass per metric ton of lost LL catch over the 24-y simulation ( Table 2 ). The total catch losses for both species over this period are ∼1,480,000 mt (62,000 mt/y) and 141,000 mt (5890 mt/y) to the PS and LL fisheries, respectively. The cost in lost catch of the F2SL policy over 24 y would have been roughly equivalent to the current annual PS SKJ catch and twice the current annual BET LL catch.
Discussion
Our model results do not constitute a forecast of the future development of the fishery. Rather, we attempt to reconstruct its historical development. Forecasts would require some means of forecasting the spatial distribution and nature of future fishing effort as well as seasonal and interannual projections of environmental forcing. Several models are available for projecting oceanographic forcing variables (12) , but there are no suitable models for forecasting fishing effort. Such forecasts may be possible over a very short time period by simply extrapolating current fishing conditions 1-3 y into the future, but longer-term forecasts would require a realistic, quantitative theory of commercial fishing fleet dynamics. We have attempted to make simulations as realistic as possible, using the best available oceanographic and biogeochemical models and the observed fishing data over the period that the fishery experienced its greatest historical expansion. To the extent that it is an accurate description of what actually happened in the past, it may also be a general guide for planning effective conservation measures for tropical tunas in the future.
Simply closing areas to PS fishing produces only very small increases in bigeye biomass. Area closures could even be Table 1 ). The differences between biomass trends for some scenarios are very small, and the plotted curves overlap. The line with the highest biomass in 2003 in each overlapping group is labeled. Missing values of β iL are cases in which small increases in LL catch occur in the denominator of the metric for the scenario. counterproductive in some cases if fishing effort is simply displaced and the closure is used as a justification to increase fishing effort outside of the closed areas. Provisional analysis (16) of the 2010 PS closure of area I shows that the closure was fairly well respected by the PS fleets, but total PS effort increased by 10% and was deployed in the EEZs surrounding area I. This outcome suggests that the response of the PS fleets to the closures was to increase effort in areas adjacent to the closed areas. The observed redistribution of fishing effort is more extreme than the redistribution scheme assumed by scenario C, which has almost no benefit to the bigeye adult stock.
Even if the displaced effort from the PS fishery is permanently deleted, the average increase in bigeye biomass is 1% or less over the entire population and reaches 5-6% in and near the closed areas. Nevertheless, this area closure scenario, coupled with effort reduction, allows the spawning stock to increase slightly relative to scenario 0 instead of continuing to decline (Fig. 3) . A substantial increase in adult biomass (7.2%) appears when area II is closed to LL fishing in conjunction with closure and elimination of PS effort in areas I and II. The benefits of closing area II to LL fishing are not only more substantial than those of PS closures, but also widespread (Fig. 4) . Area II is the western part of a known bigeye spawning area that begins in the EPO, and the size at 50% maturity of female bigeye is near the size caught by longliners (14) . The LL fishery targets sexually mature adult fish, and the near-universal adoption of FADs in the PS fishery effectively extends exploitation across the entire life history to juveniles. It is not surprising, therefore, that prohibition of FADs coupled to removal of LL fishing in known spawning areas would have a beneficial effect on the bigeye population.
Our analysis confirms previous conclusions (17) (18) (19) that spatial measures alone are not sufficient to achieve management objectives for heavily exploited stocks. On the other hand, our results show that area closures, provided that the displaced fishing effort is regulated, have a strong local benefit. This conclusion supports the conclusion by Sibert and Hampton (20) that management measures for highly migratory species taken on the scale of EEZs and the high-seas pockets can be useful fishery Spatial fishery conservation measures need to be rigorously evaluated before implementation. We have certainly not exhausted the full range of possible scenarios, but it is clear that area-based policies need to be linked to regulations that determine the fate of displaced fishing effort. Protection of the stock throughout its lifespan is also an important criterion for designing area-based policies for management of multigear fisheries. Age structured, spatially explicit models of population dynamics such as SEAPODYM, combining environmental and fishing effects and a rigorous optimization approach, seem particularly well adapted to evaluating spatial policies.
The results presented here are in many ways preliminary. Juvenile yellowfin tuna (Thunnus albacares) are an incidental catch in the PS FAD fishery and adults are a target for some LL fisheries and for the remnant of the PS fishery that does not depend on FADs. Both skipjack and yellowfin stocks should be included in future evaluations of fishery management options. Newer sources of oceanographic forcing data will enable higher-resolution simulations over longer time periods. These data should be included in definitive evaluations of alternative management policies for tropical tuna fisheries that include all three species.
The ecosystem approach to fisheries management recognizes the importance of fishing communities and would mandate rigorous economic valuation of conservation measures (22) . The landed value of LL-caught BET is roughly 10 times that of PScaught BET, but the multitude of fishing companies and the Pacific Island developing states all have divergent interests. The PS operators and the countries that depend on the revenue generated by licensing these operators may attach little importance to the revenue generated by LL fishing. Computing an optimum mix of PS and LL fishing would thus be a complex and probably contentious undertaking. Nevertheless, the large price differential between canning and fresh tuna and the relatively modest catch losses associated with the scenarios presented here make a compelling motivation for a complete economic valuation of the WCPO tuna fishery.
Rebuilding of the BET stock under favorable environmental conditions will require at least 15 y, a period approximately the same as the lifespan of the species (Fig. 2) . Recovery will be modulated by climate-related ecosystem variability. Environmental changes induced by anthropogenic release of greenhouse gases should be clearly visible in the 2030s and will affect the BET stock, likely causing an eastward shift of the population (12) . The future of the bigeye population will depend on timely implementation of effective conservation and management measures as well as on efforts to mediate the effects of climate change.
The area-based policies discussed here do not fall neatly into the current conservation rubric of marine protected areas and marine reserves (23) . Rather, these policies envisage permitting different activities in different parts of the ocean. In this respect, our approach is more consistent with the notion of maritime zoning (24, 25) . It is possible to envisage a network of zones in the Pacific in which different forms of fishing are practiced. The authorized activities in each zone could be tailored to specific conservation goals and to economic development aspirations of the neighboring countries.
